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An extensive experimental and theoretical effort has led to a largely complete mapping of the 
magnetic phase diagram of La2-a;Sri;Cu04, and a microscopic model of the spin textures produced 
in the x < 0.05 regime has been shown to be in agreement with this phase diagram. Here we use 
this same model to derive a theory of the impurity-dominated, low temperature transport. Then, 
we present an analysis of previously published data for two samples: x — 0.002 data from Chen et. 
al, and x — 0.04 data from Keimer et. al. We show that the transport mechanisms in the two 
systems are the same, even though they are on opposite sides of the observed insulator-to-metal 
transition. Our model of impurity effects on the impurity band conduction, variable-range hopping 
conduction, and coulomb gap conduction, is similar to that used to describe doped semiconductors. 
However, for La2-a;SriCu04 we find that in addition to impurity-generated disorder effects, strong 
correlations are important and must be treated on a equal level with disorder. On the basis of 
this work we propose a phase diagram that is consistent with all available magnetic and transport 
experiments, and which connects the undoped parent compound with the lowest x value for which 
La2-a:Sra;Cu04 is found to be superconducting, vtz. x ~ 0.06. 
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I. INTRODUCTION: 

The transport properties of La2-a;Sra:Cu04 at low tem- 
peratures have attracted considerable attention recently, 
in particular because it seems that for underdoped, su- 
perconducting Sr levels (0.06 ^ a; < 0.15) the normal 
state (superconductivity suppressed by the application 
of a magnetic field) might be insulating 0,^. In this 
paper we present a theory for the transport properties 
of La2_2;Sr2;Cu04 for x ^ 0.05 with the expectation 
that one can better understand the superconducting com- 
pounds if one first understands the weakly and moder- 
ately doped non-superconducting materials. Our theory 
relies on treating the effects of strong correlations and 
disorder with equal importance. 

We employ a simple model to explain the low- 
temperature transport (resistivity and magnetoresis- 
tance) of La2_2:Srj,Cu04 for 0.0 < x ^ 0.05, and ex- 
amine the evolution that occurs as the system is doped 
from the antiferromagnetic insulator regime to the spin- 
glass phase. We stress that this model is not a new in- 
vention contrived just to explain this data. Instead, this 
same model has proven successful in describing quantita- 
tively the magnetic "spin texture" of this system for 
0.0 < X < 0.05. If any model is indeed a physically re- 
alistic representation of La2-a:Sra;Cu04 it should be able 
to explain all of the physics of this material, not just the 
magnetic or transport properties. Thus, our present work 
on the application of this same model to the transport 
behaviour in La2_a;Sra;Cu04 can be viewed as a critical 
test of the model. We find both qualitative and quantita- 
tive agreement between this model and published data. 



II. MODELLING OF THE TRANSPORT DATA: 

A. Approximations of our Transport Model 

To begin, let us clearly spell out the approximations 
implicit in our transport model. Assuming that the Sr 
impurities pin the carriers at low doping and low tem- 
peratures, it is now well established (see (5[-|^) that 
the ground state corresponds to carriers circulating ei- 
ther clockwise or counter-clockwise around the impurity. 
Thus, one possible way to treat the coupling of the hole 
motion to the magnetic background is to realize that 
the presence of strong correlations changes the ground 
state from that of a circularly symmetric, s-wave impu- 
rity ground state, as is usually assumed, e.g., for doped 
semiconductors, to that of a doubly degenerate state with 
chiral quantum number u — ±i Q; we refer to this as a 
chiral impurity ground state. As mentioned above, this 
model has been exploited in quantitatively explaining a 
variety of experiments concerning the magnetic 

properties of La2-2;Srj;Cu04. In order to make progress 
on the modelling of the transport data we proceed as 
follows. 

A hole in the chiral impurity ground state circulates 
either clockwise or counter-clockwise around a plaque- 
tte on the Cu02 plane. For our transport analysis we 
determine a continuum approximation for the chiral im- 
purity ground state wave function by examining the 
Schrodinger equation in the effective mass approxima- 
tion. We assume that the hole is confined to the plane, 
so il}{x,y) = ip{r,4)). Then, 



2m 



il; = Eip, 



(1) 
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where the potential follows from the location of the im- 
purities above or below each Cu02 plane, and the out- 
of-plane dielectric constant, e±. For La2_2;Sr2;Cu04 the 
appropriate numbers are m* « 1 — 2 (we use 1.5), 
d± « 1.851, and e_L « 31 [|ll|. (We note that experi- 
ment has shown that e± is effectively independent of 
doping in the range < x < 0.02.) Mimicking the cir- 
culating character of the ground state we determine the 
wave functions of the form exp{zLi(j)) . 

To compute the radial component of the wave func- 
tion we note that for lo = ±i states asymptotically far 
from the impurity the Schrodinger equation reduces to a 
form whose (radial) solutions can be expressed in terms 
of Kummer's function. Then, using the asymptotic prop- 
erties of these functions, one finds that the continuum 
approximation to the impurity wave function are 



^{r, (j)) 



r/a ^±irp 



(2) 



where a = (e^h^ /2m*e'^). Using the numbers for 
La2_2;Sr2;Cu04 given above, one has a « 5.48 A. Of 
course, one may also solve the radial Schrodinger equa- 
tion for this problem numerically, and in what follows all 
quantitative results are derived from this more precise 
determination of the impurity wave function. 

From now on we assume that transport proceeds by 
holes moving between different impurity states, and ig- 
nore the effect of strong correlations on the inter- impurity 
transit. That is, we include the effects of strong cor- 
relations only by their influence on the specification of 
the symmetry of the impurity ground states. If the hole 
motion is between distant sites (as in Mott variable- 
ranged hopping), or between neighbouring impurity sites 
(as in thermally activated, impurity-band conduction), 
we simply use the numerical solution of Eq. (|l]) with 
chiral symmetry to predict the transport behaviour of 
La2_2;Sr2;Cu04. 



B. Derivations of Conductivity for Different 
Temperature Regimes: 

Using the formalism of the Miller and Abrahams ran- 
dom resistor network model [T^ , one can compute the 
transition probability (7y ) between any two impurity 
sites, i and j. In what follows we will present the result- 
ing formulae for both the s-wave impurity ground states, 
such that the relation with traditional doped semicon- 
ductor work is clear, and for our chiral impurity ground 
states. 

For s-wave symmetry impurity states, one finds 



(7^ 



rf^4exp 



2r., 



(3) 



where d = 2, 3 is the dimensionality, is the distance 
between the two sites, and is the difference in on-site 
energies between the two sites. The activated form is well 



known, but the prefactor may not be; in fact, usually 
the prefactor is ignored. However, this dependence has 
appeared in the literature previously (see, e.g., Ref. [ p^ , 
Eqs. (4.2.17,18)). 

The corresponding result for the chiral impurity 
ground states is 



2r,; 



(4) 



Note that the only change is in the r dependence of the 
prefactor. 

Applying percolation theory Q to Eqs. (|3|J|), one may 
derive the conductivity for these theories as a function of 
temperature, and three different regimes are found. The 
transport is always phonon-assisted in that energy must 
be supplied to (absorbed from) a hole localized on site i 
in order that it can move to site j (assuming that site j is 
unoccupied). At high temperatures, there are phonons of 
all energies available, so that the hole can always hop to 
its neighbouring impurity site, regardless of the difference 
in their on-site energies. Hence, nearest neighbour, or so- 
called impurity band conduction (IBC), takes place. The 
conductivity is then given by 



criBc{T) ^ exp 



knT 



(5) 



where Ec is the average activation energy needed for a 
carrier to move to its neighbouring site. This result is 
independent of dimensionality and the symmetry of the 
impurity ground state. 

As the temperature is lowered, motion between neigh- 
bouring sites may be forbidden due to the lack of phonons 
of appropriate energy. Consequently, it is more likely for 
the carriers to hop to a more distant site if this means 
that the energy difference is less. This is known as Mott 
variable range hopping (VRH). The conductivity for d- 
dimensional variable range hopping for conventional s- 
wave impurities is given by the familiar expression 



<JVRH,s{T) ( — 



exp - — 



i/(rf+i) 



where Td is a characteristic temperature given by 

22.8 

T2 = 



g[^i)kBa^ 
13.8 

g{^i)kBa? 



(6) 

(7) 
(8) 



for three and two dimensions, respectively. Here (?(/i) is 
the density of states at the Fermi level, which is assumed 
to be constant in the VRH regime p3[ . Ignoring the 
prefactor, as is usually done (l3|, for 3D systems one 
has the familiar "Mott 1/4 law" for VRH. For the chiral 
impurity ground states that we are considering, one finds 
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exp 



(9) 



and thus only the temperature dependence of the prefac- 
tor is different. 

For temperatures so low such that the energy differ- 
ence between the initial and final site is comparable to the 
Coulomb correlation energy between carriers, the density 
of states near the Fermi level is no longer constant. In- 
stead, Coulomb interactions cause the density of states 
to vanish at the Fermi level [Q, and a Coulomb gap is 
formed. A model known as the Coulomb gap model (CG) 
can be used to describe the conductivity in this situation, 
and the result is 



d-2 



exp 



ES 



T 



for s-wave states, where 



(10) 



these expressions to data, we note that for all theories 
there are two fitting parameters. Thus, minimizing the 
of a fit is equivalent to maximizing the goodness of fit 
parameter, and in what follows we only refer to the x^- 

TABLE I. Summary of the differing temperature depen- 
dencies of the conductivity. 



IBC 


criBc{T) oc exp {-ec/ksT) 


3-D s-wave VRH 


avRHAT) cx exp (- (Ta/T)^/*) 


2-D s-wave VRH 


avRHAT) cx exp (- (Ti/Ty^'') 


3-D chiral VRH 




2-D chiral VRH 




3-D s-wave CG 


acG.s{T) (xT-^eiip{-(TEs/T)'''') 


2-D s-wave CG 


(^CG,s{T) oc exp {-{TEs/Tf'') 


3-D chiral CG 


acaAT) oc exp {-{Tes /T)'''') 


2-D chiral CG 


acG,x{T) oc exp {-{Tes/T)'''') 



T, 



ES 



2.9 



(11) 



and e|| is the in-plane dielectric constant. The corre- 
sponding result for chiral impurity states is 



<7cG,x(r) ( ^ 



exp 



ES 



T 



(12) 



The exponent 1/2 inside the exponential factor is the 
same for both two and three dimensions, but again 
the prefactors depend on the symmetry of the impurity 
ground state. 

This sequence of impurity-dominated transport as a 
function of temperature, viz. IBC at high tempera- 
tures, VRH at intermediate temperatures, followed by 
CG transport at low temperatures, has been observed 
in a number of experimental systems. For example, in 
amorphous Ge IBC has been observed for T > 200A', 
VRH conduction occurs for 2K < T < 200K Rfel, 
and CG conduction was observed for T < 2 AT [14-16|. 
However, the prefactors that we have obtained were not 
included in these analyses. In what follows we use these 
terms to determine the impurity ground state symmetry, 
and find strong support for the chiral impurity ground 
state model used previously to describe successfully the 
magnetic properties of La2-KSra;Cu04. 



C. Analysis of Previously Published Conductivity 
Data 

In the previous section we presented our predictions 
for the temperature dependence of the conductivity due 
to various kinds of hopping conduction processes in dif- 
ferent temperature regimes. The expressions for these 
conductivities are summarized in Tabic I. In order to fit 



The first data that we analyzed was that of a a; = 0.002 
single crystal prepared by Chen et al. Their analy- 
sis ignored the temperature prefactors mentioned above, 
and led to the conclusion that the transport in this 
weakly doped antiferromagnet could be described by con- 
ventional doped semiconductor theory. In particular, 
IBC was observed for 50A' < T < 295K, while for 
4Ar J; T < 50Ar they found that the conduction mecha- 
nism is that of the traditional 3-D Mott VRH type. No 
data below 4K was taken, and thus no evidence of CG 
conduction was found. 

We agree with their interpretation of IBC for 50A' < 
T < 295A:, and from our fit we find ~ 0.020eT^ as 
the average activation energy needed for the hop. How- 
ever, for AK <T < 50K, we find that the chiral VRH 
expression from Eq. (^ with d — 2 gives a better fit to 
the conductivity data. A comparison of all four VRH 
hopping theories mentioned above is provided in Table 
11. 

We also studied the conductivity data of a a; = 0.04 
single crystal prepared by Keimer et al. For reasons 
that are unclear to us, around 50 AT only one conductivity 
theory was compared to the data, that being appropri- 
ate for a system displaying 2-D weak localization. For 
such a system one predicts a logarithmic dependence of 
temperatures (which also has two fitting parameters). 

TABLE II. Comparison of VRH theories for the x = 0.002 
Chen data, for 50A <T < 295A. 





3-D s-wave 


2-D s-wave 


3-D chiral 


2-D chiral 




0.411 


0.371 


0.317 


0.169 




5.1 X WK 


6.7 X 10* A' 


9.3 X lO^A 


1.3 X lO^'A 
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These authors suggested that such a conduction mecha- 
nism was operative from lOK ^ T < lOOK. Then, for 
IK ^ T ^ IQK the system was in a "crossover" regime, 
and then for T ^ IK the system displayed CG conduc- 
tion. Clearly, if such a description were true, except at 
the lowest temperatures the conduction mechanisms of 
the X = 0.002 and the x = 0.04 systems would have 
nothing to do with one another. 

In contrast to this approach, we disagree with using 
weak localization theory to account for the conduction 
mechanism in La2-a;Sr2:Cu04 around 50K. Firstly and 
most importantly, weak localization theory fails to in- 
clude the strong correlation effects between the hole and 
the background Cu spins, in direct contrast to what is 
made manifest by studies of the magnetic properties of 
this material. Secondly, such behaviour is completely at 
odds with the negative, isotropic magnetoresistance ob- 
served by this same group [ pTf . After reanalyzing their 
conductivity data, we find a much simpler and more nat- 
ural explanation — for 20K <T< 70K, Eq. (|), the 
simple activated expression for IBC, gives a much better 
fit than the logarithmic temperature dependence arising 
from weak localization theory. The for these fits is 
listed in Table III, and it is seen that IBC has a at 
least 20 times less than the corresponding for logarith- 
mic temperature dependence. The average activation 

TABLE III. Comparison of the IBC and the weak lo- 
calization predictions for the x = 0.04 Keimer data, for 
20K <T < 70K. 





IBC 


weak localization 




0.000618 


0.0142 



TABLE IV. Comparison of VRH theories for the a; = 0.04 
Keimer data, for lif < T < 20 A'. 





3-D s-wave 


2-D s-wave 


3-D chiral 


2-D chiral 




0.0756 


0.0795 


0.0823 


0.0483 




2.7 X 10'' A' 


550A' 


1.2 X 10^ A" 


630A' 



TABLE V. Comparison of CG theories for the x = 0.04 
Keimer data, for T < IK. 





3-D s-wave 


2-D s-wave 


3-D chiral 


2-D chiral 


x' 


0.291 


0.286 


1.633 


0.271 


Tes 


30A: 


51A' 


80A 


32A 



energy found from the fit is ec « 0.00261^, roughly a 
factor of ten less than that for the x = 0.002 sample. 
The poor comparison of weak localization theory is not 
improved when a different temperature regime is used. 

If our chiral impurity model is indeed correct, and 
weak localization is not found for this system, it should 
exhibit a crossover from IBC to VRH as the tempera- 
ture is lowered, and this is precisely what we find. For 
IK <T < 20K, we find that Eq. (|) with d = 2, the 
expression for 2-D chiral VRH again gives the best fit to 
the conductivity data — the statistical data is listed in 
Table IV. 

Below IK we find that Eq. ( p^ ) with d = 2, the expres- 
sion for 2-D chiral impurity Coulomb gap hopping gives 
the best fit to the conductivity data; Table V summarizes 
the statistical data. 

In all cases discussed above, the best fit to the data is 
found to correspond to our 2-D chiral impurity ground 
state theory. We believe that this repeated agreement 
between theory and experiment lends strong credibility 
to our model, an argument that is further strengthened 
when it is noted that this same model successfully de- 
scribes the magnetic properties of ha2-xSTxCuOi. 

D. Crossover Temperatures 

In the previous section we showed that our 2-D chiral 
conduction model, which follows from the chiral impu- 
rity ground state generated by strong correlations, fits 
the experimental data better than other available theo- 
ries. Further quantitative support for this theory follows 
from a study of the crossover temperatures, which we 
now present. 

For the x = 0.002 crystal there is a crossover from 
IBC to 2-D chiral VRH conduction at around 50K. For 
the X = 0.04 crystal, the crossover from IBC to 2-D chi- 
ral VRH conduction occurs at around 20K. Then, the 
crossover to 2-D chiral CG conduction occurs at around 
IK. 

One may determine these crossover temperatures semi- 
empirically. That is, in what follows we derive the 
crossover temperatures theoretically, but our formulae 
involve parameters which we cannot determine. How- 
ever, we can express these parameters in terms of the 
activation energy Sc, and the characteristic temperatures 
T2 and Tes- All of these numbers were determined in 
the previous section from the fits of our model to the ex- 
perimental data, and are stated in the text and/or listed 
in the tables. 

The crossover between IBC and VRH can be estimated 
from the condition that the average activation energy 
between neighbouring sites is equal to the activation en- 
ergy for carriers executing variable range hopping. The 
latter quantity can be determined from expressing the 
hopping distance between two sites in terms of the ac- 
tivation energy, and then setting the hopping distance 
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to be the average distance as a function of temperature. 
That is, the activation energy for carriers executing vari- 
able range hopping is given by —d\navRH/df3 (l3|, where 
f3 = l/ksT, and (Tvrh is given by the the chiral expres- 
sion in Eq. (0) with d — 2. Hence, by solving 



d In {(Tvrh) 
dp 



one obtains 



IBC^VRH 



(13) 



(14) 



For the x = 0.002 crystal, we take Ta = 1.3 x IQ^K 
from Table II, and our fit to IBC yielded = 0.020ey. 
This produces Tjbc-^vrh = in good agreement 

with the experimental value of 50K For the x — 0.04 
crystal we take T2 = 630K from Table IV, and our fit 
yeilded = 0.002el/. This gives Tibc~>vrh = ^SK, 
again in good agreement with the experimental value of 

One may derive the crossover temperature from VRH 
to CG conduction as well. As discussed previously, this 
crossover occurs when the Coulomb correlation energy 
between carriers is equal to the activation energy needed 
to hop to a distant site. The former is given by e^/e||r, 
where f is the most likely hopping distance for variable 
range hopping. Hence by solving 



d In {(Jvrh) 
d j3 



one obtains 



VRH^CG 



33.2- 



.r3 



ES 



^2 



(15) 



(16) 



as the crossover temperature between variable range hop- 
ping and Coulomb gap conduction. 

For the x = 0.04 crystal, T2 = 630is: from Table IV and 
Tes = 32iv: from Table V. This gives Tvrh^cg ~ 2K, 
again in good agreement with the experimental value of 
IKg. 

The other theories discussed in the previous sections 
can also be used to calculate crossover temperatures, but 
none of these sets of temperatures accurately tracks the 
experimental crossover temperatures as well as our 2-D 
chiral theory. Thus, this set of crossover temperatures 
provides further support quantitatively for our model. 



III. METAL-TO-NONMETAL TRANSITION 
DOPING CONCENTRATION 

La2-xSra;Cu04 is a strongly correlated electronic sys- 
tem which is greatly influenced by the disorder effects 
produced by the Sr impurities. This view is made clear 
by the above transport work and previously published 



work on the magnetic properties . It is known that this 
system undergoes a nonmetal-to-metal transition with in- 
creasing doping level x, and in this section we employ our 
chiral impurity model to show that it also reproduces the 
experimental value for the critical doping level, Xc ~ 0.02. 
However, before proceeding to this derivation, we wish to 
present a clear discussion of how we believe this transi- 
tion should be viewed, since confusing and conflicting 
remarks dominate the literature on this subject. 

The conventional view of a nonmetal-to-metal transi- 
tion in a disordered system has been demonstrated for 
many experimental systems; here we use the recent, el- 
egant work of Dubon, et al. [Q, for Ge (under stress) 
doped with Cu impurities to demonstrate this. Upper 
and lower Hubbard impurity "bands" form, and the gap 
separating these bands decreases with increasing impu- 
rity concentration. The critical concentration is that 
at which this gap closes. However, for Cu doping lev- 
els beyond the critical concentration, the transport at 
low temperatures is still found to be insulating like, viz. 
the resistivity increases with decreasing temperature |l9| ] 
— only at higher temperatures is the chemical potential 
pushed through the mobility edge and metallic conduc- 
tion is found. This phenomenology thus implies that the 
temperature at which metallic conduction is found (by 
which we imply the resistivity increases with increasing 
temperature) is concentration dependent, and that the 
critical concentration for the nonmetal-to-metal transi- 
tion is the doping level for which metallic conduction is 
first found at high temperatures. 

This picture is consistent with published transport 
data for La2-a;Sra;Cu04 at low and intermediate dop- 
ing levels: At the lowest Sr levels the resistivity is al- 
ways found to be insulating like 1 1 1 2^ , while for larger 
X 1^ only at high temperatures does the resistivity in- 
crease (approximately linearly) with increasing temper- 
ature. This is further substantiated from the dielectric 
constant measurements of Chen, et al. |]l2| who found 
that the in-plane dielectric constant of La2-a;Sr2;Cu04 
saturated at high frequencies, and this saturation value 
diverged at some doping level. It is difficult to infer the 
critical x value from this experiment, and in what follows 
we use Xc ~ 0.02 ± 0.005 as a reasonable approximation 
for the critical concentration of the metal-to-nonmetal 
transition. 

Our chiral impurity model can be used to estimate 
the critical doping concentration for La2-2:Sr2,Cu04 via 
the Mott-Hubbard treatment of such transitions. The 
overlap integral between impurity sites separated by a 
distance r, and the on-site Coulomb repulsion for two 
holes being at one impurity site, can be estimated us- 
ing the wave function given in Eq. (||). Then, the Mott 
criterion corresponds to the doping level at which an im- 
purity "band" has a width equal to the on-site Coulomb 
repulsion energy. These simple calculations |2^ lead to 
the 2-D analogue of Mott's criterion for chiral impurity 
ground states, viz. 
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0.191 



(17) 



where a is the effective Bohr radius of the chiral impu- 
rity ground state (stated previously to be 5.48 A), and 
ao = 3.85A is the planar lattice constant. Solving this 
equation we find Xc ~ 0.018, in excellent agreement with 
experiment. The fact that our theory is two dimensional 
agrees also with the experimental fact that even though 
the in-plane dielectric constant at high frequencies di- 
verges at Xc, the out-of-plane dielectric constant remains 
roughly constant as x^. is approached p^ ]. Thus, quanti- 
tatively and qualitatively, we find that our chiral impu- 
rity model is consistent with available, published trans- 
port data on the metal-to-nonmetal transition. 



IV. pAB PHASE DIAGRAM 

Figure 1 shows the approximate Pab transport phase di- 
agram for the new hopping conduction mechanism that 
we propose for x ^ 0.05, and summarizes our results. 
From this figure it is clear that our work supports the con- 
tention that at low temperatures the conduction mecha- 
nism on either side of the metal-to-nonmetal transition 
{xc ~ 0.02) is the same. This is in disagreement with the 
idea proposed in Ref. j|] that weak localization effects are 
seen in the x = 0.04 transport data. For x > 0.02 and at 
high T, La2_i^Sr^Cu04 behaves like an anomalous metal 
with an approximate T-linear resistivity. Our theory has 
nothing to say about the dominant scattering mechanism 
that produces this unusual behaviour. 

In Fig. 1 the superconducting phase for x ^ 0.05 and 
T < Tc is shown. The region between the superconduct- 
ing phase and the anomalous metallic phase is referred 
to as an "anomalous insulator" phase according to Ando 
et al. They examined the normal state properties 
of La2-2:Sr2:Cu04 {x = 0.08 and x — 0.013) down to 
T/Tc ~ 0.04 by suppressing superconductivity with a 
pulsed magnetic field of 61T along the c-axis. They mea- 
sured the in-plane resistivity pab and the out-of-plane re- 
sistivity pc, and found insulating behaviour for both resis- 
tivities at low temperatures. Under the assumption that 
the magnetic field dependence of the resistivity is very 
small compared to the temperature dependence, Ando 
et al. claim that their materials are indeed insulating 
in the region labelled "anomalous insulator" in Fig. 1. 
(However, their main assumption has been challenged by 
the work of Malinowski et al. Q , who claimed that the 
behaviour observed in strong magnetic fields is not a reli- 
able guide to the nature of the zero-field ground state in 
the absence of superconductivity. Malinowski et al. mea- 
sured the normal state conductances per Cu02 plane for 
two highly underdoped superconducting La2_a:Sr3.Cu04 
samples {x — 0.048 and x — 0.051) at different fields, and 
their data is found to collapse onto one curve with the 
use of a single scaling parameter that is inversely propor- 
tional to the Bohr radius of the ground state wave func- 



tion. When extrapolated to zero field, this scaling param- 
eter approaches zero, which suggests that the zero-field 
ground state may be extended, as opposed to localized 
(as suggested by Ando et al.). This discrepancy between 
the two groups has not yet been settled.) 

The relationship of our work to this portion of the 
phase diagram is unclear. If disorder effects are impor- 
tant, then it is certainly possible that the anomalous in- 
sulating behaviour (if truly present) might be related to 
the physics discussed in this paper. Alternatively, as pro- 
posed in Ref. |^ , if the anomalous insulating behaviour is 
associated with the magnetic field changing the electronic 
structure and subsequently producing localized states, 
then it is unlikely that our theory can be extrapolated 
to such doping levels. 

Further, we hope that new data on travelling-solvent 
float-zone grown single crystals for a variety of doping 
levels above and below x — 0.05 will allow for us 
to judge conclusively if it is appropriate to extrapolate 
our theory to the doping concentrations containing the 
superconducting samples. 
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FIG. 1. pab{T) phase diagram for La2-iSri:Cu04 summa- 
rizing its transport properties as inferred from our analysis. 
The dashed line at Xc ~ 0.02 is the critical doping concentra- 
tion for the metal-to-nonmetal transition. The dashed line at 
Xsc ~ 0.05 is the onset for superconductivity — this vertical 
line on our phase diagram is a guide for the eye only. The 
anomalous metallic phase at high temperatures for x > 0.02 
and the superconducting phase for x > 0.05 are also shown 
in this figure. The nature and the extent of the "anomalous 
insulator" part of the phase diagram is not yet known. 
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V. SUMMARY: 

To summarize, we have presented a theory of the trans- 
port of La2_xSr3,Cu04 for x < 0.05. It is to be empha- 
sized that the physics that led to our theory, the chi- 
ral impurity ground state, and the successful description 
of the spin texture of La2_a;Sr3,Cu04 at low tempera- 
tures are the same. Disorder and strong correla- 
tions dominate the low temperature, low doping regime 
of La2-xSra;Cu04. 

One potential weakness of our work is that almost all 
of our comparisons are of a quantitative nature. In- 
stead, one would like to compare the qualitative be- 
haviour found in certain transport measurements. To 
this end, we are presently preparing a manuscript on a 
comparison of our theory to the magnetoresistance mea- 
surements for samples in this same doping regime. In 
particular, such work allows for the scaling properties of a 
theory, with respect to field and temperature, to be com- 
pared to experiment. This theory is outside of the simple 
treatment of impurity-dominated hopping-type conduc- 
tion given here, and will be reported elsewhere. 
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